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Generation of the superposition of mesoscopic states of nano-mechanical resonator by
a single two-level system
Manoj Das, J. K. Verma and P. K. Pathak
School of Basic Sciences, Indian Institute of Technology Mandi, Kamand, H.P. 175005, India
(Dated: September 20, 2018)
We propose measurement based conditional generation of superposition of motional states of
nanomechanical resonator. We consider a two level quantum mechanical system coupled with
nanomechanical resonator through phonon exchange. An interaction, which produces shifts in the
state of nanomechanical resonator depending on the state of the qubit, is realized by driving qubit
through two resonant lasers. The measurement of the state of quantum mechanical system pro-
duces superposition states of nanomechanical resonator. We show that the quantum interference
between states in superposition may lead to arbitrary large displacement in resonator. We also
discuss decoherence of generated states using Wigner function.
PACS numbers: 03.65.Ud, 03.67.Mn, 42.50.Dv
I. INTRODUCTION
Nanomechanical resonators (NMR) have wide range of
applications which includes ultra-sensitive mass detec-
tion [1], force detection [2, 3], imaging and lithography
[4]. Recently it has been possible to cool fundamen-
tal mode of NMR to its ground state [5, 6]and creat-
ing single phonon excitation in a controlled manner[6].
Clearly, it is a milestone in demonstrating quantum me-
chanical behaviour of a mesoscopic system consisting of
billions of atoms, which can lead to applications such as
quantum limited measurements[7], generating nonclassi-
cal motional states[8], realization of hybrid quantum me-
chanical systems for quantum information processing[9–
14]. NMR not only provide high quality factor but
also provide ease to couple various quantum mechanical
systems through magnetic, electrical or optical interac-
tions. Such developments have opened up important pos-
sibilities to encode quantum information into mechanical
state and mediating interaction between different types
of quantum systems. Two types of hybrid system have
been realized by coupling NMR to either a cavity where
electromagnetic field directly couples through radiation
pressure[9, 10] or by coupling with a qubit where states
of qubits can be manipulated by external fields[11–15].
In the case of cavity coupled NMR various phenomenon
such as optomechanical induced transparancy[16], single
photon blockade[17], and generating micro-macro entan-
gled states[18] have been realized.
Due to versatile nature, NMR has been efficiently cou-
pled to various types of qubits such as superconducting
qubit[11, 12], quantum dots[15], cold atoms[19], nitrogen
vacancy (NV) centers[13, 14] which provides mechani-
cal analog of cavity QED. These systems have vital im-
portance particularly for controlling and generating non-
classical states of NMR. There have been proposals for
cooling[20] or lasing[21] NMR by coupling with a two
level quantum system. A quantum dot (QD)[15] or a
NV center[14] embedded in nanowire naturally couples
through phonon mode by strain mediated interaction.
The effects of such coupling have been witnessed in flores-
cence spectra from quantum dot or NV center driven by
an external field. QD or NV center embedded in nanowire
also provides very high collection efficiency for emitted
photons which has been utilized in realization of high
efficiency single photon sources[22].
In this paper we present a scheme for controlling state
of NMR by externally deriving a coupled two level sys-
tem and measuring the state of the system.Our paper is
organized as follows. In Sect. II, we present our model
for realization of effective interaction. Sect. III presents
method for generating superposition of mesoscopic states
of NMR. In Sect. IV we discuss effects of decoherence. Fi-
nally, we present possibilities for experimental realization
in current scenario and conclude in Sect. V.
II. MODEL FOR REALIZATION OF
EFFECTIVE HAMILTONIAN
We consider a qubit coupled with NMR, the qubit is
driven by two external resonant fields, the fields have
phase difference of pi/2. The Hamiltonian of the system
in rotating frame is given by
H = h¯ωa†a+ h¯Ω1(σ
+ + σ−) + ih¯Ω2(σ
+ − σ−)
+h¯g|e〉〈e|(a+ a†); (1)
where ω, a (a†), Ω1 (Ω2), g, σ
−, and σ+ are frequency of
NMR mode, annihilation (creation) operator for phonon
field, coupling constants for qubit with first (second)
external field, coupling constant for qubit with NMR
mode, lowering and raising operator for qubit, respec-
tively. We notice that similar Hamiltonian has been con-
sidered earlier by Freedhoff and Ficek [23] in the con-
text of modification in Mollow’s sidebands and the re-
sults have been recently verified by He et al[24]. Un-
der canonical transformation[20] H → esHe−s, with
s = η|e〉〈e|(a† − a); where η = g/ω, above Hamiltonian
takes the form
H = h¯ωa†a+ h¯Ω1[σ
+eη(a
†−a) + σ−e−η(a
†−a)]
+ih¯Ω2[σ
+eη(a
†−a) − σ−e−η(a†−a)]. (2)
2For η ≪ 1 this canonical transformation has been widely
utilized in ion trap for deriving effective interaction. For
QD and superconducting qubits (g ∼ 100KHz) cou-
pled with NMR having ω ∼ 1GHz and for NV centers
(g ∼ 1KHz) coupled with NMR having ω ∼ 1MHz;
η ∼ 10−3. Therefore we consider the terms up to second
order in η and also consider that the qubit is strongly
driven by one of the field, say Ω1 ≫ g, ω,Ω2,Γ. We fur-
ther rewrite above Hamiltonian in the interaction picture
in which the interaction with stronger field has been di-
agonalized. In this picture the state of the qubit and the
Hamiltonian H is transformed to
|ψ〉 = eiht|ψ〉, H = eihtHe−iht;h = Ω1(σ+ + σ−) (3)
The qubit spin operators σ± transform as
eihtσ±e−iht = σ± cos2Ω1t+ σ
∓ sin2Ω1t∓ iσz sin 2Ω1t(4)
We consider that qubit is driven strongly such that Ω1
is very large therefore we can neglect highly oscillating
terms in Eq(4), i.e. sin 2Ω1t ≈ 0. Similar approximation
has been used earlier extensively in various contexts[25].
Under this approximation the effective Hamiltonian be-
comes
H¯eff = h¯ωa
†a+ ih¯Ω2η(σ
+ + σ−)(a† − a)
+
h¯Ω1η
2
2
(σ+ + σ−)(a† − a)2 (5)
We note that H¯eff commutes with h, thus changing to
original interaction picture and neglecting two phonon
transitions the effective hamiltonian becomes
Heff = h¯ωa
†a+ h¯Ω′1(σ
+ + σ−)
+ih¯Ω2η(σ
+ + σ−)(a† − a)− h¯Ω1η2(σ+ + σ−)a†a (6)
where Ω′1 = Ω1(1− η2/2). The Hamiltonian Heff can be
diagonalized in the basis of QD, |±〉 = (|e〉 ± |g〉)/√2, as
follows
Heff ≈ h¯Ω′1λ+ h¯(ω − Ω1η2λ)A†A (7)
where A = a + iΩ2ηλ/ω, and λ = ±1 corresponding to
the states |±〉. The first term gives the change in phase,
the second term gives change in phase as well as displace-
ment in NMR state during evolution of the qubit-NMR
coupled system. Clearly, the magnitude of displacement
in NMR state depends on Ω2, further the displacement
will be negative or positive depending on the qubit states
|±〉. When Ω2 = 0, the hamiltonian changes to the op-
tically driven qubit-NMR system [26], where the effect
of qubit-NMR coupling leads to second order modifica-
tions in qubit energy states as well as shift in frequency
of NMR. Next we exploit this interaction for generating
superposition of mesoscopic states of NMR.
III. GENERATING SUPERPOSITION OF
MESOSCOPIC STATES OF NMR
We consider initially qubit is in ground state |g〉 and
NMR is in coherent state of phonons |α0〉, initial state
Strong driving laser
Weak driving laser
NMR
QD
FIG. 1: Schematic for a nanomechanical resonator coupled
with a two level quantum mechanical system (qubit). The
qubit is driven by two external fields one field is strong and
another is weak.
can be written as
|ψ(0)〉 = 1√
2
(|+〉 − |−〉)|α0〉. (8)
In the presence of field Ω1, when Ω2 is switched on
the phonon annihilation operator a transforms to A, i.
e. a → D(−iΩ2λ/ω)aD(iΩ2λ/ω) as a result the state
of NMR changes as |α〉 → D(−iΩ2λ/ω)|α〉, here D is
displacement operator. Similarly when Ω2 is switched
off phonon annihilation operator transforms as a →
D(iΩ2λ/ω)aD(−iΩ2λ/ω) and the state of NMR trans-
forms as |α′〉 → D(iΩ2λ/ω)|α′〉. As λ has values ±1
corresponding to qubit states |±〉, a small positive or neg-
ative displacement in NMR state is produced when Ω2 is
switched on or off depending on the state of the qubit. In
order to get constructive effect during one on-off cycle of
Ω2, we work on a strategy that the time between switch
on and off of field Ω2 should be such that the phonon field
has changed its phase by pi. Therefore we consider that
Ω1 and Ω2 are switched on for half of the time period of
NMR, i.e. for t = 0 to t = pi/ω and remain off for rest of
the half. The state of the system at t = pi/ω is given by
ψ(pi/ω) =
1√
2
[
e−iφe−il1ℜ(α0)|(α0 − il1)e−i(ω−Ω1η
2) pi
ω 〉|+〉
−eiφeil1ℜ(α0)|(α0 + il1)e−i(ω+Ω1η
2) pi
ω 〉|−〉
]
(9)
=
1√
2
[
e−iφe−il1ℜ(α0)|(−α0 + il1)eil2pi〉|+〉
−eiφeil1ℜ(α0)|(−α0 − il1)e−il2pi〉|−〉
]
,(10)
where ℜ represents the real part, φ = Ω′1pi/ω, l1 =
Ω2η/ω, and l2 = Ω1η
2/ω. For time t = pi/ω to t = 2pi/ω,
fields Ω1 and Ω2 are switched off, therefore the state of
3the system is given by
ψ(2pi/ω) =
1√
2
[
e−iφe−il1ℜ[α0+(α0−il1)e
il2pi)]|(α0 − il1)eil2pi − il1〉|+〉
−eiφeil1ℜ[α0+(α0+il1)e−il2pi)]|(α0 + il1)e−il2pi + il1〉|−〉
]
.(11)
If we measure the qubit in the ground state |g〉 or in
the excited state |e〉, the state of the NMR is projected
into a coherent superposition of mesoscopic state |(α0 −
il1)e
il2pi−il1〉 and |(α0+il1)e−il2pi+il1〉. Clearly for small
values of l1 these states overlap considerably, therefore
the effects of quantum interference become significant. If
we assume that the qubit is measured in ground state |g〉
after switching off the fields, the projected state of NMR
is given by
ψ(2pi/ω) =
[
e−iφe−il1ℜ[α0+(α0−il1)e
il2pi)]|(α0 − il1)eil2pi − il1〉
+eiφeil1ℜ[α0+(α0+il1)e
−il2pi)]|(α0 + il1)e−il2pi + il1〉
]
.(12)
After sending one square pulse of each fields Ω1 and Ω2 si-
multaneously, which is on for half of time period of NMR
and off for the other half, the phonon field is displaced
anticlockwise or clockwise along a circle in a random fash-
ion. If we pass N such pulse pairs and every time detect
the qubit in its ground state, the state of NMR will be
equivalent to n step random walk along a circle[27]. The
state of NMR can be expressed as
|ψph(n)〉 = C
[
e−iφOˆ(−l1,−l2) + eiφOˆ(l1, l2)
]n
|α0〉,(13)
where C is normalization constant and operator
Oˆ(l1, l2)|α〉 = D(il1)e−il2pia†aD(il1). We note that
operators Oˆ(l1, l2) and Oˆ(−l1,−l2) commute each
other [Oˆ(l1, l2), Oˆ(−l1,−l2)] = 0 for real l1, l2 and
Oˆ(l1, l2)Oˆ(−l1,−l2)|α〉 = |α〉. Therefore the state of
NMR can be written as
|ψph(n)〉 = C
n∑
m=0
(
n
m
)[
e−imφOˆm (−l1,−l2)×
ei(n−m)φOˆn−m(l1, l2)
]
|α0〉,
= C
n∑
m=0
(
n
m
)
ei(n−2m)φOˆn−2m(l1, l2)|α0〉,(14)
= C
N∑
m=0
(
n
m
)
ei(n−2m)φe−iθn−2m |αn−2m〉,(15)
where we have recursive expressions θj = θj−1 +
l1ℜ(αj−1 + αj) and αj = (αj−1 + il1)e−il2pi + il1. Now
expressing this result in coordinate representation, we
get expression for wavefunction for NMR ψph(n) =
〈x|ψph(n)〉
ψph(n) = C
n∑
m=0
(
n
m
)
ei(n−2m)φe−iθn−2mψαn−2m(x).(16)
where ψαn(x) = pi
−1/4 exp[−(x − √2ℜ(αn))2/2 +
i
√
2ℑ(αn)x − iℜ(αn)ℑ(αn)]; ℑ(αn) is imaginary part of
αn. In Fig.2, we have plotted the probability distribu-
−4 −2 0 2 40
0.2
0.4
0.6
0.8
1
x
|ψ(
x)|
2
N=0
N=1
N=5
N=10
FIG. 2: (Color online)Probability distribution |ψph(n)|
2 for
the amplitude of the nanomechaical resonator after passing
different number of pulse pairs. The parameters are l1 = 0.1,
l2 = 0.01, φ = 9pi/2, and initial state as |0〉.
tion of displacement of NMR using initial state |α0〉 = |0〉
and typical values of φ, l1, l2 for different values of n.
The displacement of NMR depends on l1, l2, φ and num-
ber of pulse pairs n. For l1 = 0.1 and l2 = 0.01, we
calculate values of α1 = 0.00314107591 + 0.199950656i,
α5 = 0.0783720116+ 0.995810825i, α10 = 0.311558267+
1.96710148iwith α−n = α
∗
n. The maximum expected
value of displacement x for a typical value of n is given
by 〈x〉n =
√
2ℜ(αn). From Eq.(16), it is clear that the
final state of NMR is coherent superposition of n+1 co-
herent states, further there relative phases depends on φ
and θs. For small values of l1 and l2 these coherent states
overlap considerably leading to dominating quantum in-
terference effects. The unexpected displacement in the
state of NMR is due to the constructive interference be-
tween the coherent states generated after passing n pulse
pairs. Here we must emphasize that the choice of φ is also
critical for final displacement in NMR state. For φ equals
to odd multiple of pi/2, we get maximum displacement
and for even multiple of pi/2 the displacement is negligi-
ble. For φ equals to odd multiple of pi/4 only one peak
in probability distribution appears which has displace-
ment in between maximum and minimum values. For
n = 1, we get two equal peaks symmetrically placed on
positive and negatives sides around x = 0. When value
of n increases, peak on negative side start dominating,
in fact for n ≥ 10, the peak along positive side becomes
negligible. The final state of NMR is equivalent to the
quantum random walk defined by Aharnov et al.[28, 29]
along a circle.
Next, we discuss how one can generate a superposition
state of two coherent states which are well separated in
phase space. We consider that the strong driving field
Ω1 is on for a few cycles of mechanical oscillations and
4the weak driving field is modified in a similar fashion as
discussed above. We consider initial state of the system
as |g〉|β0〉 with β0 = 0. Say, after n cycles of mechanical
oscillations, when n pulses of Ω2 have been passed, Ω1 is
switched off and we measure the state of qubit in ground
state |g〉, the projected state of NMR is given by
|ψcat(n)〉 = K
(
e−iφ
′
eiθ
′
−n |β−n〉 − eiφ
′
eiθ
′
n |βn〉
)
, (17)
where K is normalization constant and φ′ = Ω′12npi/ω,
βj = (βj−1 + il1)e
−2il2pi + il1e
−il2pi, θj = θj−1 +
l1ℜ
[
βj−1 + (βj−1 + il1)e
−2il2pi
]
with θ0 = 0. Clearly
above method can be used to generate superposition of
two mesoscopic states similar to Schrodinger cat states.
In Fig.4 we have plotted the Wigner function for the state
(17).
IV. DECOHERENCE
In the Sec.III we have shown that the unexpected
displacement in NMR state is produced due to quan-
tum interference. Therefore, it is important to main-
tain coherence in the system during the generation of
the superposition of mesoscopic states of NMR. For a
nanomechanical resonator having high quality factor, we
can neglect effects of decoherence in generated super-
position state due to phonon mode damping[33]. In
following we consider effects of decoherence in gener-
ated states due to spontaneous decay of qubit. Dur-
ing the generation of states (16) and (17), the qubit
remains in dressed states |+〉 and |−〉. Using density
matrix of qubit ρq we evaluate the density matrix ele-
ments at time t, the diagonal elements remain constant
〈+|ρq(t)|+〉 = 〈−|ρq(t)|−〉 = 1/2 and off diagonal ele-
ments decay as 〈±|ρq(t)|∓〉 = 〈±|ρq(0)|∓〉 exp(−3Γt/4)
[31]. We include effect of qubit decoherence in the gener-
ated state (16) as follows. We calculate density matrix,
ρph(n) for generated NMR state after n pulse-pairs are
passed using recursion relation
ρph(n) = C[Oˆ(l1, l2)ρph(n− 1)Oˆ(l1, l2) + Oˆ(−l1,−l2)
ρph(n− 1)Oˆ(−l1,−l2) + e2iφe−ξOˆ(l1, l2)ρph(n− 1)
Oˆ(−l1,−l2) + e−2iφe−ξOˆ(−l1,−l2)ρph(n− 1)Oˆ(l1, l2)],(18)
with ρph(0) = |α0〉〈α0|; where ξ = 3ΓT/8 and C is nor-
malization constant. In Fig.3, we plot Wigner function
for state (18) for n = 5 using different values of ξ. The
Wigner function for the density matrix ρ is defined as
W (x, p) =
1
pih¯
∫
e2ipy/h¯〈x− y|ρ|x+ y〉dy. (19)
In Fig.3(a), for ξ = 0, Wigner function shows two peaks
at x ≈ ±2, one smaller peak at x=2 and one dominating
peak at x=-2. The interference fringes are visible between
these peaks which are direct signature of coherence.
Wigner function acquires negative values in region be-
tween the peaks. The negative value of Wigner function
clearly indicates nonclassical nature of the generated su-
perposition state. Further squeezing in x quadrature[30]
is also visible, which is also clear in Fig.2. In Fig.3(a) to
(d), as the value of ξ increases the interference diminishes
progressively. In Fig.3(d), for ξ = 1, generated superpo-
sition state (16) completely turn into a mixed state and
the displacement becomes approximately zero.
In Fig.4(a), we plot Wigner function for state (17) us-
ing n = 10. In Fig.4(b), Wigner function, for the same
parameters used in Fig.4 (a) and for value of spontaneous
decay rate such that 3nΓT/4 = 2. From Figs. 3 & 4, it
is clear that the life time of qubit is a crucial factor for
generating superposition of mesocopic states of NMR.
FIG. 3: (Color online)Wigner function W (x, p) of the gener-
ated superposition of mesoscopic states (16) for n = 5. In (a)
ξ = 0, in (b) ξ = 0.2, in (c) ξ = 0.5, and in (d) ξ = 1, other
parameters are same as in Fig.2
FIG. 4: (Color online)Wigner function W (x, p) of the gener-
ated superposition of two mesoscopic states (17) for n = 10.
In (a) Γ = 0, in (b) 3nΓT/4 = 2, other parameters are same
as in Fig.2
5V. CONCLUSIONS
We have presented a scheme to generate superposi-
tion of mesoscpic states of a nanomechanical resonator
by coupling with a two level quantum mechanical sys-
tem. We have sown that as a result of quantum interfer-
ence the displacement amplitude of the resonator could
be exceptionally large we also find some squeezing in the
position quadrature. We have considered decoherence
effects due to spontaneous decay of two level quantum
mechanical system. For ξ = 3ΓT/8 = 0.2, we find small
changes in Wigner function. This condition can be satis-
fied for resonator frequency ω ≈ Γ, thus a quantum dot
coupled with a nanomechanical resonator of frequency
1GHz could be considered for possible experimental re-
alization of our results. In NV center qubits, life time
of qubit is very large and η = g/ω ∼ 10−3 can also be
achieved. Therefore NV centers as a qubit using res-
onator of frequency 1MHz could be another system for
potential realization.
VI. ACKNOWLEDGEMENTS
This work was supported by DST SERB Fast track
young scientist scheme SR/FTP/PS-122/2011.
[1] K. L. Ekinchi, X. M. H.Huang and M. L. Roukes , Appl.
Phys. Lett 84, 4469 (2004).
[2] J. A. Sidles, J. L. Garbini, K. J. Bruland, D. Rugar, O.
Zger, S. Hoen, and C. S. Yannoni, Rev. Mod. Phys. 67,
249 (1995).
[3] D. Rugar, R. Budakian, H. J. Mamin, and B. W. Chui,
Nature 430, 329 (2004).
[4] S. C. Minne, J. D. Adams, G. Yaralioglu, S. R. Manalis,
A. Atalar, and C. F. Quate, Appl. Phys. Lett. 73, 1742
(1998).
[5] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S. All-
man, K. Cicak, A. J. Sirois, J. D. Whittaker, K. W. Lehn-
ert, R. W. Simmonds, Nature 475, 359 (2011); J.Chan,
T. P. M.Alegre, A. H.Safavi-Naeini, J. T.Hill, A.Krause,
S.Grblacher, M.Aspelmeyer, O.Painter, Nature 478, 89
(2011).
[6] A. D.O’Connell, M. Hofheinz, M. Ansmann, R. C. Bial-
czak, M. Lenander, E. Lucero, M. Neeley, D. Sank, H.
Wang, M. Weides, J. Wenner, J. M. Martinis, A. N. Cle-
land, Nature 464, 697 (2010).
[7] C. A. Regal, J. D. Teufel, and K. W. Lehnert, Nature
Phys. 4, 555 (2008).
[8] U. B. Hoff, J. Kollath-Bnig, J. S. Neergaard-Nielsen, and
U. L. Andersen, Phys. Rev. Lett. 117, 143601 (2016).
[9] T. A. Palomaki, J. W. Harlow, J. D.Teufel, R. W. Sim-
monds, K. W. Lehnert, Nature 495, 210 (2013); E. Ver-
hagen, S. Delglise, S. Weis, A. Schliesser, T. J. Kippen-
berg, Nature 482, 63 (2012).
[10] J.Bochmann, A.Vainsencher, D. D.Awschalom, A. N.
Cleland, Nat. Phys. 9, 712 (2013).
[11] E. K. Irish and K. Schwab, Phys. Rev. B 68, 155311
(2003).
[12] A. N. Cleland and M. R. Geller, Phys. Rev. Lett.93,
070501 (2004).
[13] S. Kolkowitz, A. C. Bleszynski Jayich, Q. P. Unterre-
ithmeier, S. D. Bennett, P. Rabl, J. G. E. Harris, M.
D. Lukin, Science 335, 1603 (2012); P. Rabl, S. J.
Kolkowitz, F. H. L. Koppens, J. G. E. Harris, P. Zoller,
and M. D. Lukin, Nature Physics 6, 602 (2010).
[14] J. Teissier, A. Barfuss, P. Appel, E. Neu, and P.
Maletinsky Phys. Rev. Lett. 113, 020503 (2014); P.
Ovartchaiyapong, K. W. Lee, B. A. Myers, and A. C.
Bleszynski Jayich, Nature Commun. 5, 4429 (2014).
[15] I.Yeo, P.-L.de Assis, A.Gloppe, E.Dupont-Ferrier,
P.Verlot, N. S.Malik, E.Dupuy, J.Claudon, J.-M.Grard,
A.Auffves, G.Nogues, S.Seidelin, J.- P.Poizat, O.Arcizet,
M. Richard, Nat. Nanotechnol. 9, 106 (2014); M. Monti-
naro, G. Wst, M. Munsch, Y. Fontana, E. Russo-Averchi,
M. Heiss, A. Fontcuberta i Morral, R. J. Warburton, and
M. Poggio, Nano Lett.14,4454 (2014).
[16] S. Weis, R. Rivire, S. Delglise, E. Gavartin, O. Arcizet, A.
Schliesser, T. J. Kippenberg, Science 330, 1520 (2010).
[17] A. Nunnenkamp, K. Brkje, and S. M. Girvin Phys. Rev.
Lett. 107, 063602(2011); P. Rabl Phys. Rev. Lett. 107,
063601 (2011).
[18] R. Ghobadi, S. Kumar, B. Pepper, D. Bouwmeester, A.
I. Lvovsky, and C. Simon, Phys. Rev. Lett. 112, 080503
(2014); Pavel Sekatski, Markus Aspelmeyer, and Nicolas
Sangouard Phys. Rev. Lett. 112, 080502 (2014).
[19] S. Camerer, M. Korppi, A. Jckel, D. Hunger, T. W.
Hnsch, and P. Treutlein, Phys. Rev. Lett. 107, 223001
(2011).
[20] I. Wilson-Rae, P. Zoller and A. Imamoglu. Phys. Rev.
Lett 92, 075507(2004).
[21] J. Kabuss, A. Carmele, T. Brandes, and A. Knorr, Phys.
Rev. Lett. 109, 054301 (2012).
[22] J. Claudon1, J. Bleuse, N. Singh Malik, M. Bazin, P. Jaf-
frennou, N. Gregersen, C. Sauvan, P. Lalanne, and J.-M.
Grard, Nature Photonics 4, 174 (2010); N. Mizuochi, T.
Makino, H. Kato, D. Takeuchi, M. Ogura, H. Okushi, M.
Nothaft, P. Neumann, A. Gali, F. Jelezko, J. Wrachtrup,
and S. Yamasaki, Nature Photonics 6, 299 (2012).
[23] H. S. Freedhoff and Z. Ficek Phys. Rev. A 55, 1234
(1997).
[24] Y. He, Y.-M. He, J. Liu, Y.-J. Wei, H.Y. Ramrez, M.
Atatre, C. Schneider, M. Kamp, S. Hfling, C.-Y. Lu, and
J.-W. Pan Phys. Rev. Lett. 114, 097402 (2015).
[25] G. S. Agarwal, W. Lange, and H. Walther, Phys. Rev.
A 48, 4555 (1993); W. Lange and H. Walther, ibid. 48,
4551 (1993); E. Solano, G. S. Agarwal, and H. Walther,
Phys. Rev. Lett. 90, 027903 (2003); P. Lougovski, F.
Casagrande, A. Lulli, B.-G. Englert, E. Solano, and H.
Walther Phys. Rev. A 69, 023812 (2004).
[26] A. Auffeves and M. Richard, Phys. Rev. A 90
023818(2014).
[27] P. Xue and B. C. Sanders, New Journal of Physics10,
053025 (2008).
[28] Y.aharonov, L.davidovich,and N.Zagury, Phys. Rev A
48,1687(1993).
[29] G. S. Agarwal and P. K. Pathak. Phys.Rev. A
672,033815(2005).
[30] P.Rabl, A.shnirman, P. Zoller, Phys. Rev B 70, 205304
(2004); E. E. Wollman, C. U. Lei, A. J. Weinstein,J.
Suh, A. Kronwald, F. Marquardt, A. A. Clerk, and K. C.
Schwab, Science 349, 952(2015).
[31] M. O. Scully and M. S. Zubairy, Quantum Optics, (Cam-
bridge University Press, Cambridge 1997), Sec10.2 p.298.
[32] J. Bleuse, J. Claudon, M. Creasey, N. S. Malik, J.-M.
Grard, I. Maksymov, J.-P. Hugonin, and P. Lalanne
Phys. Rev. Lett. 106, 103601 (2011)
[33] C. J. Myatt, B. E. King, Q. A. Turchette, C. A. Sack-
ett, D. Kielpinski, W. M. Itano, C. Momroe, and D. J.
Wineland, nature 403, 269 (2000).
